ABSTRACT: The effects of 2 polychaete species, Nereis diversicolor and Arenicola marina, on benthic metabolism and decomposition processes in organic-poor (0.06% POC), sandy sediment were experimentally investigated. Sedvnent O2 uptake and CO2 release were stimulated by 80 to 90% and 260 to 270% for N. diversicolor and A. marina, respect~vely, from basal rates of approximately 30 mm01 m-2 d-'. These enhancements in benthic f l u e s were due to both increased solute exchange due to macrofauna irngation and increases in total benthic metabolism. Although the latter was enhanced by 10 to 35 % and 115 to 123 % by N. diversicolor and A. marina, respectively, both species inhibited anaerobic decomposition as indicated by 66 and 42 % lower sulfate reduction rates. Benthic f l u e s and basal rates of benthic metabolism (without macrofauna) were 2 to 3 times higher in sediments enriched with organic matter compared to unamended sediments. Similarly, sulfate reduction rates were 3 times higher in enriched sedlments. Total benthic metabolism in enriched sediments was stimulated by N. diversicolor to a slrmlar extent (+27 to 34 %) as in unamended sediments, whereas A. marma stimulated total benthic metabolism to a slightly lesser extent (+43 to 55%) in enriched sediments than in unamended sediments. N. diversicolor had little effect on sulfate reduction (-4 %) in enriched sediments, while A. manna reduced sulfate reduction by 85 % in enriched sediments. Porewater profiles reflected the balance between stimulating effects on sediment decomposition processes and removal of porewater solutes by benthic macrofauna. Porewater and sediment profiles of reduced S compounds also showed the effects of these polychaetes on sedimentary S cycling, i.e, lower anaerobic decomposition and increased reoxidation of reduced compounds. Both species affected sediment element cycles, stimulating C cycling and favonng more oxidized species and processes in S cycling. Furthermore, both species affected the fate and distribution of the metabolites produced from decomposition by enhancing the exchange of solutes across the sediment-water interface and porewater flushing. In general, the biogeochemical impact of A. marina was greater than that of N. diversicolor
INTRODUCTION
Burrow dwelling benthic macrofauna play an important role in organic matter decomposition and nutrient cycling processes in sediments (e.g. Rhoads 1974 , Aller 1982 1992 , Pelegri et al. 1994 to only a few percent in some cases (e.g. Aller & Yingst 1985, Kikuchi 1986 , Doering et al. 1987 ).
While it is generally accepted that benthic macrofauna stimulate overall benthic fluxes, the underlying mechanisms for that simulation and which diagenetic processes are specifically affected are less well understood. In most cases the increase in total benthic metabolism results from stimulat~on of microbial metabolism in excess of macrofauna respiration (e.g. Kristensen & Blackburn 1987 , Hansen & Blackburn 1992 . The partitioning of this stimulated microbial activity into aerobic and anaerobic components is less clear, however. Anaerobic microbes are usually responsible for half or more of the organic matter decomposition in coastal sediments (Mackin & Swider 1989 , Canfield 1993 , Jmgensen 1996 . Benthic macrofauna are thought to stimulate sediment microbial activity through a variety of direct and indirect mechanisms, such as irrigation, particle mixing, excretion and grazing of microbes (Rhoads 1974 , Aller 1982 . It is unlikely, however, that aerobic and anaerobic microbes are affected similarly by macrofaunal activities. The oxygenation of sedirnents by bioturbation and irrigation promotes conditions for aerobic microbes (Retraubun et al. 1996) and protozoans (Meyers et al. 1987 , Fenchel 1996 and as such must be detrimental to obligate anaerobes. While there have been a number of studies examining the effects of macrofauna on organic matter cycling (e.g. Kikuchi 1986 , Kristensen & Blackburn 1987 , Hansen & Blackburn 1992 , sediment and porewater geochemistry (e.g. Aller 1980 , Hiittel 1990 ) and microbial parameters (e.g. Reichardt 1988 , Grossmann & Reichardt 1991 , surprisingly few studies have addressed the effects of macrofauna on anaerobic decomposition (e.g. Aller & Yingst 1978, Hansen et al. 1996 , Nielsen 1997 .
One of the most important factors for benthic metabolism is the input of degradable organic matter. Total rates as well as the balance between aerobic and anaerobic processes are thus dependent on the concentrations and rate of burial of labile organic matter (Hargrave 1973 , Suess 1980 , Graf 1992 , Blackburn & Blackburn 1993 , Canfield 1993 , J~lrgensen 1996 . It has also been suggested that the effect of benthic macrofauna on sediment metabolism (e.g. the degree of stimulation) is dependent on both the quality and quantity of organic matter in the sediment (Banta 1992 , Knstensen et al. 1992 .
The purpose of this study was 2-fold. First, we wanted to examine interspecific differences in the effects of benthic macrofauna on aerobic and anaerobic decomposition. Second, we wanted to examine the coupling between organic matter availability, particularly of degradable organic matter, and effects of benthic macrofauna on sediment processes. We used 2 species of common macrofauna in European coastal environments-Nereis diversicolor and Arenicola manna. N. diversicolor is well known for its irrigation activities which lead to enhanced flushing and oxygenation of the upper layers (ca 5 to 10 cm) of the sediment (Kristensen 1985) . A. marina, on the other hand, is known for its intense bioturbation which includes both particle reworking by head-down deposit feeding (e.g. Rijken 1979 , Wheatcroft et al. 1990 ) and water movement by deep irrigation ( > l 5 cm) (Hiittel 1990 , Rasmussen et al. 1998 , RiisgArd & Banta 1998 . The level and composition of organic matter and macrofauna were manipulated in sediment microcosms where we monitored changes in total benthic metabolism, anaerobic metabolism and sediment parameters for 1 mo.
METHODS
Sediment microcosms. Sediment microcosms were prepared in 18 PVC core tubes (35 cm long and 8 cm inner diam.) using sandy, organic-poor sediment (0.06% particulate organic carbon [POC] ) from the Wadden Sea (Konigshafen, Island of Sylt, Germany; Station S of Jensen et al. 1996 , Kristensen et al. 1998 . Sediment was sieved (1 mm) and frozen to remove macrofauna and meiofauna (Kristensen & Blackburn 1987) . Freezing of sediment was assumed not to significantly affect sediment microbes but this assumption was not tested. It is possible that microbial populations and processes were altered due to the freezing treatment, but it is expected that most sediment processes (aerobic decomposition, sulfate reduction, etc.) returned to normal levels within a number of days afler thawing (e.g. Skogland et al. 1988) . The return of CO, release rates after 4 d to stable, baseline levels in defaunated sediments (C microcosms) after initially high release rates (see Fig. 2 later) supports this contention.
After thawing, a portion of sediment was homogenized (mixed by hand) and added to half of the core tubes to a depth of 22 cm (OM-microcosms). Another portion of sediment was mixed homogeneously with 0.5 g dried (105°C) yeast 1-' sediment prior to adding it to the other core tubes (OM+ microcosms). While increasing the organic content of these sediments only slightly (+0.02 % POC), this addition represented a significant input of labile organic matter (50 g C m-', integrated over the sediment depth of 22 cm), corresponding to, for example, 20 to 100% of the annual benthic primary production typical of sandy, intertidal sediments (e.g. Colijn & de Jonge 1984).
The next day the sediment was covered with approximately 15 cm (ca 300 ml) of seawater (30%0). Microcosms were held in a darkened seawater bath at 15°C. Each microcosm was connected to a recirculating, flow-through incubation system (Fig. 1 ) in which the overlying water was exchanged at a rate of approximately 30 m1 min-l. Groups of microcosms (3 to 4 repli- Fig. 1 . Experimental setup mth a recirculating incubation system containing 3 microcosms (M), representing 1 experimental treatment group. The water reservoir (R) was bubbled with air from an air pump (AP) and continually pumped with a peristaltic pump (PP) into each microcosm, after which it returned to the reservoir cates for a given experimental treatment) were connected to a common reservoir (4 1) which was bubbled with air to hold the water oxygenated. Reservoirs were renewed with fresh seawater every 1 to 3 d during the 34 d experiment. After 8 d, polychaetes were added to two-thirds of the microcosms (hereafter referred to as Day 0). Three Nereis diversicolor (l40 to 400 mg wet wt) were added to each of 3 OM-microcosms (N-microcosms) and 3 OM+ microcosms (N+ microcosms). Similarly, 3 Arenicola marina of similar size (200 to 400 mg wet tvt) were added to each of 3 OM-and 3 OM+ microcosms (Aand A+ microcosms, respectively). Animals of this size represent adults for N. diversicolor and juveniles for A.
~aai-ina. These additions corresponded to macrofaunal densities of approximately 600 individuals m-' which are within the range of natural abundances (typically 500 to 5000 m-*) for adult N. diversicolor ic.y. Heip & Herman 1979 , Vedel & Riisghrd 1993 but represents a high abundance for juvenile A. marina (e.g. Flach & Beukema 1994). Adult A. marina are much larger (up to 10 g wet wt) and found at much lower densities (25 to 50 m-2), but are active much deeper in the sediment than juveniles and would therefore have been difficult to study in the core tubes we used. The remaining OM-and OM+ microcosms without macrofauna were referred to as C-and C+ (4 of each), respectively.
In addition to these microcosms, 3 cores containing OM-and 3 cores containing OM+ sediment were prepared using 5 cm i.d. core tubes. These cores were used to determine initial sediment and porewater conditions at the time macrofauna were added to the microcosms. Furthermore, 3 OM-and 3 OM+ cores were prepared in 2.7 cm i.d. core tubes to measure initial sulfate reduction rates (SRR).
Benthic fluxes. Every 2 to 3 d throughout the experiment we measured fluxes of O2 and CO2 across the sediment-water interface in the microcosms. Water flow from the reservoirs was stopped and the microcosms were sealed using 3-way valves in the microcosm tops (Fig. 1) . The water column was mixed during incubations by ca 1 cm long magnetic stir bars which were driven by an electric motor that fit onto the core tops. Over a period of 2 to 11 h the concentration of O2 was measured repeatedly uslng a mini O2 e:lectrode (Chemiware A/S, AbyhOj, Denmark). Between 4 and 8 O2 measurements were made for each microcosm to assure linear changes in concentration.
Duplicate water samples of 13 m1 were removed through one of the 3-way valves repeatedly during a flux incubation to measure benthic CO2 release. The water sampled was replaced simultaneously with reservoir water of a known CO2 content through the other 3-way valve. CO, concentrations were corrected for this minor dilution. Microcosms were usually sampled 4 times for CO, during a flux measurement. Samples were stored in closed plastic syringes (stored submerged in seawater) until the CO, concentration was measured within a few hours using the flow-injection diffusion cell technique (Hall & Aller 1992) .
Sulfate reduction. SRR were measured both in the initial cores and in all microcosms at the end of the experiment using the "S technique (Jsrgensen 1978) . SRR were measured in the initial cores (2.7 cm i d . ) on Day 0. Briefly, cores (OM-or OM+) were injected with 2 p1 (70 KBq) Na235S04 at 1 cm intervals through silicon ports in the side of the core tubes. Cores were incubated for 6 to 8 h at 15OC before being sectioned in 1 and 2 cm intervals. A 5 or 10 m1 sediment sample from each section was placed in equal volumes of 1 M zinc acetate and frozen until later analysis. The radioactivity in both the total reduced sulfur (TR3'S) pool and the remaining 3%04 pool were determined according to the procedure of Fossing & Jargensen (1989) . The total, non-radioactive TRS pool (mostly FeS and FeS,) was determined spectrophotometrically (Cline 1969) as part of the same procedure.
SRR was measured in the experimental microcosms at the end of the experiment (Days 22 to 26). ~a~~~S 0 was injected in 6 long vertical lines (evenly spaced in a circle located halfway between the center and the wall of the microcosm) from the sediment surface to the bottom of the microcosm using a Hamilton syringe with a 30 cm long needle. The depth of the injection, volume of tracer and the rate of delivery were carefully controlled using a micromanipulator. For each line injection 150 1-11 (1400 KBq) of carrier free ~a~~' S 0 , in a 550 mM NaCl solution was distributed evenly over a depth of 20 cm. Microcosms were incubated for 12 h at 15°C. After incubation, microcosms were sectioned in 1 to 2 cm intervals. The sediment sections were processed and analyzed in a similar fashion to the initial cores, except that the microcosms were sectioned in a glove-bag under an N2 atmosphere to allow measurement of dissolved sulfides (see below). Sediment and porewater parameters. Several sediment and porewater parameters were measured for the initial cores (Day 0) and the experimental microcosms at the end of the experiment. While in the glovebag, sediment from each depth interval was placed in split-centrifuge tubes containing a GF/C glass fiber filter. Porewater was extracted from sediment subsamples by centrifugation at 1500 rpm (400 X g ) for 5 rnin and sampled for TC02, and dissolved sulfides (DS). TC02 was determined as described above (Hall & Aller 1992) after the precipitation of dissolved sulfides using HgC12. Sulfate was measured by ion liquid chromatography and UV-detection using a Kontron Ion Liquid Chromatograph with 2.5 mM potassium hydrogen phthalate (pH = 4.5) as eluent. DS were precipitated with 1 M zinc acetate (100 p1 ml-' porewater) and analyzed according to Cline (1969) .
Samples of sediment were processed for porosity and density. Wet and dry densities (130°C) were measured for known volumes of sediment, allowing us to calculate porosity. Dried sediment samples were stored for later analysis of organic content as loss on ignition (LOI) and POC. For LOI, sediments were combusted at 520°C for 6 h. POC was measured on the dried sediments using a Carlo Erba CHNS analyzer (model 1100EA) according to Kristensen & Andersen (1987) .
Polychaete respiration. Respiration rates of Nereis diversicolor and Arenicola manna that had been reared for 2 wk in OM-and OM+ sediments were measured both as O2 uptake and CO2 release. Worms were allowed to clear their guts overnight before initiating measurements. Individual worms were placed in appropriately sized glass tubes which allowed normal, undulatory movements while ventilating. Kristensen (1981) has shown that this is important for obtaining realistic respiration rates for Nereis species. Worms (inside a glass tube) were sealed in 10 to 30 m1 test tubes for 0.5 to 3 h.. Initial O2 and CO2 concentrations were determined in the water used to fill the test tubes. Final O2 and CO2 concentrations in the test tubes were measured after the incubation. Oxygen was analyzed by the Winkler technique and CO2 was analyzed by flow-injection as above.
Statistical analysis. A 2-way factorial analysis of variance (ANOVA) was used to test the main effects of added organic matter (2 OM levels: natural or amended) and the different macrofauna treatments (3 groups: control, Nereis diversicolor and Arenicola marina) as well as the interaction between these 2 factors on various fluxes and rates. Similarly, effects on sediment organic content (LOI) were tested with a similar 2-factor ANOVA design with initial conditions (Init.) included as an extra group in the macrofauna treatment factor.
The ANOVA assumptions that the data were normally distributed with homogeneous variance were tested and the data were log transformed where necessary. Significant effects found in the ANOVA analysis, both main effects and interactions, were further investigated using Tukey or Bonferroni post hoc multiple comparisons between treatment means (Milliken & Johnson 1984 , Zar 1984 ).
RESULTS

Benthic fluxes
Except for initial high rates of CO2 release, presumably resulting from disturbances associated with the establishment of the microcosm, benthic fluxes of 0, and CO2 (Fig. 2 ) in the C-and C+ n~icrocosms (no macrofauna) were quite constant throughout most of the experiment. Rates of O2 uptake and CO2 release were always about 2 times higher in the organicenriched microcosms (C+) than in unamended micro-
The addition of macrofauna led to dramatic increases in both O2 uptake and CO2 release (Fig. 2) , although the pattern and duration of the responses were different for Nereis diversicolor and Arenicola marina. The addition of N. diversicolor generally resulted in initially high, but rapidly decreasing fluxes. Oxygen uptake increased instantly by a factor of 2 to 3 after the addition of N. diversicolor to N-microcosms (Fig. 2 , bottom left) but after 10 d the rates fell to levels that were 46 to 125% greater than in C-microcosms. In N+ microcosms, on the other hand, the addition of N. diversicolor caused no initial peak in O2 uptake, but the rates were 42 to 159% greater than in C+ microcosms throughout the experiment (Fig. 2 , bottom right). Oxygen uptake at the end of the experiment (Day 12 to end) 15-;ls 89 and 72 % higher in N-and N+ microcosms than in C-and C+ microcosms, respectively (Table 1, C vs N: p 1 0.0002). The release of CO2 from the sediments behaved similarly to O2 uptake, although N+ microcosms also showed a dramatic initial peak in release (Fig. 2, top) . At the end of the experiment CO2 release rates were 72 to 78% greater with N. diversicolor present (C vs N: p 1 0.0002) although the effect of N. diversicolorwas less significant in OM-sediments (C-vs N-: p 1 0.09 and C+ vs N+: p 10.0002).
The addition of Arenicola marina led to larger and more sustained increases in benthic O2 uptake and CO2 release (Fig. 2 ). Oxygen uptake increased by a factor of 4 for A-n~icrocosms and a factor of 2.5 for A+ microcosms immediately after the addition of A. marina relative to C-and C+ nlicrocosms, respectively. Oxygen uptake rates in both A treatments fell gradually durlng the remainder of the experiment, but remained above the level of N microcosms. Oxygen uptake rates in A-and A+ microcosms at the end of the experiment were high, still being 4 and 2.5 times greater than their respective control microcosms (C vs A: p 1 0.0002). The release rate of CO2 was similarly affected by adding A. marina as was O2 uptake ( Fig. 2 , top; C-VS A-: p 1 0.00001; C+ VS A+: p S 0.00001), although CO2 release rates for all treatments became more alike at the end of the experiment.
Polychaete respiration
The expected log-log allometric relationships between polychaete respiration and size were observed for both Nereis diversicolor and Arenlcola manna (Table 2) . When considering a 'typical' polychaete of 300 mg (wet weight) in our microcosms, respiration rates for polychaetes liv~ng in organically enriched sediments were slightly higher than in unamended sediments (Table 2) . Respiratory quotients (CO2 release/02 uptake) estimated from these allometric relations for a typical polychaete (300 mg) were 1.3 for N. diversicolor and 1.4 for A. marina. 199.5 * 5.0 (+l57 %) Table 2 Coefficients for allometnc relatlonsh~ps for polychaete resplratlon rates for worms reared in organlc-poor sedi m e n t~ either w~t h (OM+) or w~t h o u t (OM-) organic matter additions The coefficients a and b are from the allometric equatlon V = a M b , where V is respiration of elther O2 or CO2 (pm01 h-') and M is the wet weight (g) of the polychaete The coefficient of determlnatlon, R2 for each curve was based on a hnear regression of log(V) vs log(M) Resplratlon of a typlcal' polychaete of 300 mg is given as V,, The initial concentrations of TRS ranged from 2 to 4 pm01 S cm-3 in OM-and OM+ microcosms (Fig. 5) . By the end of the experiment, TRS concentrations had increased in control sediments (Fig. 5) , with the greatest increase in C+ microcosms (4 to 5 pm01 S cm-3) compared to Cmicrocosms (3 to 4 pm01 S cm-3). The effect of macrofauna on TRS concerltrations depended on the level of organic matter. Generally, OMmicrocosms lost TRS when macrofauna were present (Fig. 5, left) , especially for A-microcosms at depths greater than 10 cm (1 to 2 pm01 S cm-3). With added organic matter TRS mostly accumulated, even when macrofauna were present (Fig. 5, right) . In N+ microcosms, TRS accumulation below 10 cm was similar to that in C+ microcosms. In A+ microcosms, TRS followed the same pattern as N+ microcosms at intermediate depths (5 to 8 cm), but was reduced by half below 10 cm in the sediments. It was evident, especially in OM+ microcosms, that Nereis diversicolor exerted the greatest effect in the upper layers 
Sulfate reduction
Initial (Day 0) SRR were constant with depth at 150 to 200 nmol S cm-3 d-' for O M sediments and 250 to 300 nmol S cm-3 d-' for OM+ sediments (Fig. 3) . At the end of the experiment, however, SRR differed greatly between OM-and OM+ microcosms. All OM-microcosms had low SRR, less than 150 nmol S cm-3 d-' (Fig. 3, left) , with slightly higher rates in C-microcosms than in either N-or A microcosms. High rates of sulfate reduction (averaging up to 400 nmol S cm-3 d-l) were measured in both C+ and N+ microcosms (Fig. 3, right) , but at different depths. Sulfate reduction rates peaked at 5 to 10 cm in C+ microcosms, and at 12 to 15 cm in N+ microcosms. Sulfate reduction was limited by sod2-at depth in C+ microcosms (see later).
A+ microcosms had low SRR, similar to Nand A-microcosms, at all sediment depths.
Sediments
Concentrations of POC in the initial OMand OM+ sediments were very low for both treatments: 0.058 + 0.005% for OM-sediment and 0.065 0.017% for OM+ sediment. There were no differences in L01 between organic matter treatments (p 5 0.54). All microcosms had significantly lower organic content (LOI) at the end of the experiment (Fig. 4) compared to initial conditions (Initials vs C, N and A micro- Sediment porosities were low (15 to 30 %) and similar for all treatment groups (data not shown).
Porewater
Initial profiles of porewater T C 0 2 were similar for OM-and OM+ sediments (Fig. 6 ), although slightly higher in OM-compared to OM+ sediments. Concentrations of T C 0 2 had stabilized below 4 cm at 13 to 15 mM for OM-and 9 to 12 mM for OM+ sediments at the start of the experiment, 8 d after establishing the microcosms. At the end, porewater concentrations of TCO, were 2 to 3 times higher than initial concentrations, with concentrations of 30 to 40 mM in C-microcosms and 15 to 80 mM in C+ microcosms. The increase in TCO, at depth (where there had not been sufficient time for removal of CO2 by nlolecular diffusion) allowed us to estimate CO;! production rates of 428 nmol C cm-3 d-I for C-sediments and 687 nmol C cm-3 d-' for C+ sediments. Assuming the same production rates for the top 20 cm of sediment, this corresponds to area1 production rates of 85 and 137 mm01 C m-, d-l, respectively.
In contrast to C microcosms, porewater T C 0 2 concentrations decreased dramatically when Arenicola marina were present, to 4-6 mM in A-and 3-4 mM in A+ microcosms. The results for the N microcosms were variable but tended and N+ microcosms (Fig 7, nght) , where microcosms concentrations were lower than 5 mM below 10 cm Depletion was less severe, but still evident in C-and N-miclocosms (Fig 7,  left) Rates of SO,,-depletion corresponded to SRR of 180 and 360 nmol S cm-3 d-l or 36 and 72 mm01 S m d-' in C-and C+ microcosms, respectively DS concentrations were extremely variable at the end of the experiment (Fig 8) Control microcosms held hlyh US cvnccntrdtions of up to 2-4 mM Among the macrofauna treatments, only N+ microcosms had hlgh DS concentrations at depth (>5 cm) All other faunated microcosms had DS concentrations of a few hundred PM (N-) or barely detectable levels (a few pM, A-and A+) Effects of macrofauna on benthic fluxes Both species of macrofauna had significant and longlasting stimulative effects on benthic fluxes. In general, Nereis diversicolor enhanced fluxes (+72 to 82 %), but to a lesser extent than Arenicola marina (+l41 to 271 %) ( Table 1) . Similar levels of enhancement of benthic fluxes by nereid worms have been observed by others (Kikuchi 1986 , Kristensen & Blackburn 1987 , Andersen & Kristensen 1988 , Pelegri & Blackburn 1995 . There is surprisingly little reported in the literature about the effects of arenicolid worms on fluxes, although substantial effects of A. marina on ore water conthese 2 macrofauna species also had long- The concentrations of porewater solutes in faunated sediments indicated that the enhanced exchange of materials between sediments and overlying water due to irrigation was most pronounced for Arenicola marina. A , manna is a deep burrowing head-down deposit feeder with moderately high irrigation rates (10 to 60 m1 g-' h-') (RiisgBrd et al. 1996 , Rasmussen et al. 1998 ). An important feature of A. marina's irrigation is that the water pumped down into the burrow is injected into the sediments at the feeding pocket and returns to the surface via advective transport along the path of least resistance, usually through the feeding & Hansen 1995) , particularly in C microthe present experiment were completely flat throughcosms. out the entire sediment profile, despite high rates of As an alternative approach to estimate organic matproduction or consumption of metabolites (based on ter decomposition which was not dependent on the benthic metabolism rates). Others (e.g. Hiittel 1990) assumption of steady state, we summed materials exhave also observed that A. manna is capable of flushchanged across the sediment-water interface together ing sediment porewaters to significant depths.
with changes in sedimentary and porewater pools. In Irrigation effects by Nereis diversicolor were more Tables 3 & 4 we present budgets for total O2 demand moderate and balanced with benthic metabolism. N. and CO2 production after the addition of macrofauna diversicolor is a tube-dwelling polychaete that irri-(Days 1 to 20). In the case of 02, benthic O2 consumpgates more intensely (250 to 700 m1 g-' h-') (Kristensen 1983 ) than Arenicola marina. h i - Table 4 . Budgets of total CO, production for Days 1 to 20. CO, release is gation rates are even higher (1000 to 1900 m1 the integrated benthic CO2 flux by the experimental microcosms over g-l h-') when N. diversicolor is filter-feeding the 20 d period (Fig. 2) . Change in porewater T C 0 2 (A) was calculated as the change in porewater TC02 concentrations (Fig. 6 (Figs. 5 & 7) was studies, while the effect of A. marina was consistent high in C microcosms, indicating a significant storage with other indications and expectations. of reduced metabolites from anaerobic decomposition. In contrast, there was significant reoxidation of reduced S species in N-and A microcosms. Note, Macrofauna effects on microbial metabolism reoxidation of stored sulfides (dissolved or Fe-bound) may have enhanced carbonate dissolution in these Total benthic metabolism can be partitioned into 2 microcosms and led to an increase in CO2 production major components, macrofauna respiration and microunrelated to organic matter decomposition (Green & bial respiration (defined as the difference between Aller 1998).
total benthic metabolism and nlacrofauna respiration) Based on total O2 demand and total CO2 production Defined in this way 'microbial respiration' may include during the 20 d experiment (Tables 3 & 4) , organic respiration by other small organisms such as meiomatter decomposition was about 2 times greater with fauna, but, given our pretreatment of the sediment added labile organic matter (total O2 demand for OM-(including freezing), we expect most of the benthic resmicrocosms averaged 1438 mm01 m-' vs 2388 mm01 piration that was not due to macrofauna to be due to m-' in OM+ microcosms, p 5 0.0002; total CO, producmicrobes. tion averaged 1969 and 3708 mm01 m-' in OM-and Microbial metabolism (Table 5) was significantly OM+ microcosms, respectively, p 5 0.002). The effects higher in OM+ microcosms than in OM-microcosms of macrofauna species were independent of the (OM main effect: p 5 0.002). Macrofauna respiration organic matter level (OM X macrofauna interaction: p 5 accounted for less than 15 % of total benthic metabo-0.36) with Arenicola manna significantly stimulating lism in all cases. There was a tendency for macrofauna decomposition approximately 2-fold relative to N and to stimulate microbial metabolism, particularly in the C microcosms (p 5 0.006 and p 5 0.0007, respectively) A-microcosms, although not significantly (p 5 0.14) at both levels of organic matter. Total O2 demand Our ability to statistically test these results was ham- (Table 3) , in contrast to benthic O2 fluxes (Table l) , was pered by the low number of replicates, especially in not significantly different for N and C microcosms (p I the A+ treatment, where we were only able to deter-0.30). Also, total CO2 production (Table 4) was not sigmine microbial respiration for 1 microcosm (Table 5 ). nificantly different between N an.d A microcosms (p r
While not statistically significant, our results are con-0.36). Both total O2 uptake and total CO2 production sistent with the contention that macrofauna stimulate indicate that only A. manna significantly stimulated total benthic metabolism both by their own respiration total benthic metabolism and overall organic matter decomposition, whereas both Nereis diversicolor and A. marina significantly enhanced benthic fluxes (Table 1) .
While there are m.any studies documenting the effects of macrofauna on benthic fluxes, fewer studies have directly measured their effects on overall organic matter decomposition. There are a number of indirect indications that macrofauna stimulate organic matter decornposition in general. For example, microbial biomass and activities were stimulated in sediments associated wi.th Arenicola manna burrows (Reichardt 1988) . Also, Kristensen & Blackburn (1987) showed that Nereis virens was capable of stimulating organic matter decomposition by a Table 5 . Total benthic metabolism, macrofaunal respiration and microbial metabolism. Total benthic metabolism is based on total CO2 production rates (Days 1 to 20, Table 4 ). Macrofauna respiration was calculated from the allometric relationships in Table 2 . 'Microbial' metabolism was estimated as whole system metabolism -macrofauna respiration. Values are q v e n as mean t standard error for 1 to 4 microcosms. Faunal induced stimulation represents the contribut~on of macrofaunal and enhanced microbial respiration, respectively, relative to benthic metabolism in the C microcosms. na = There is much debate about the different food sources (e.g. sediment organic matter, bacteria, meiofauna) used by deposit-feed.ers, but deposit-feeders may compete with microbes to the extent that they both utilize the same organic matter sources in sediments. Also, microbes themselves compose a portion of deposit-feeder diet (Lopez & Levinton 1987 , Grossmann & Reichardt 1991 , Retraubun et al. 1996 , indicating a negative trophic relationship between the 2 groups. On the other hand, the activities of macrofauna can increase the availability of substrates (Rhoads 1974 , Hansen et al. 1996 and enhance the growth conditions for sediment microbes (Reichardt 1988 , Retraubun et al. 1996 . These interactions between macrofauna and microbes, both positive and negative, may basically be governed by the availability and degradability of sediment organic matter (Banta 1992, Kristensen et al. 1992) .
For Arenicola manna, short gut residence times (Jacobsen 1967 ) and the low organic content of the ingested sediment suggest a low organic carbon assimilation (Retraubun et al. 1996) . The rich meiofauna and microbial community associated with A. marina feeding pockets are probably not a sufficient food source alone, however (Plante et al. 1989 ). The digestive juices in A. marina are typical of deposit-feeders and better designed to digest dead organic matter than living cells (Mayer et al. 1997 ), but A. marina probably utilizes both types of food sources to the extent possible (Grossman & Reichardt 1991 , Retraubun et al. 1996 , Riisgdrd & Banta 1998 . In our experiment, there appeared to be 'extra' organic matter, over that which Table 6 . Integrated SRR for the microcosms at the end of the experiment. Integrated rates were calculated by summing SRR for the top 20 cm in each microcosm (Fig. 3) . Values are given as mean + standard error for 2 to 4 microcosms. The percent values for hr and A microcosms represent the changes in SRR relative to C-or C+ rates. The amount of total sediment metabolism accounted for by sulfate reduction was calculated assuming that 2 moles of CO2 were released for each mole of reduced. These rates were normalized to total CO, production rates (Table 4 A. marina utilized themselves, allowing an increase in microbial metabolism in both types of sediments. Nereis diversicolor can readily assimilate sediment organic matter (Cammen 1980, Vedel, Lopez, Kristensen & Banta unpubl.) , implying a competitive interaction with sediment illicrobes at the sediment surface where they forage. Microbes deeper in the sediment are more likely to be stimulated by N. diversicolor irrigation, however (Henriksen et al. 1983 ). Our results suggest that microbial metabolism was slightly stimulated by N. diversicolor with only limited deposit-feeding macrofauna-microbe competition occurring. Thus, while deposit-feeding macrofauna and microbes probably compete for some organic matter resources, the 2 species of macrofauna we studied here appeared to increase the availability of food resources and enhance growth conditions for sediment microbes to some extent.
Macrofauna effects on anaerobic metabolism
In contrast to their effects on total benthic and microbial metabolism, both macrofauna species had negative effects on anaerobic metabolism (Table 6 ). Not surprisingly, anaerobic metabolism was higher with added organic matter level (p 1 0.002), but the contribution of anaerobic metabolism to total benthic metabolism as lower in all microcosms with macrofauna present (p I 0.03). The effect of macrofauna was dependent on the level of organic matter, however (p I 0.03). Arenicola marina had an strong inhibitory effect on anaerobic metabolism, holding SRR at the same low level in both OM-and OM+ microcosms (A-vs A+: p 5 0.99). The effect of A. marina was most dramatic at high organic matter levels where SRR were significantly lower than the control (C+ vs A+: p 5 0.02). The inhibition of sulfate reduction by A. marina was less dramatic and not significant in unamended sediments (C-VSA-: ~5 0 . 9 9 ) .
The effects of Nereis diversicolor on anaerobic metabolism were weaker. N. diversicolor appeared to inhibit sulfate reduction to a greater extent at lower organic matter levels, although SRR were not significantly different from rates in C microcosms at either level of organic matter (C-vs N-, p I 0.56; C+ vs N+, p I 0.99). The nearly identical rates of SRR in C+ and N+ were somewhat coincidental, as SRR were low deep in C+ microcosms (Fig. 3) due to Sod2-depletion (Fig. 7) , while SRR were low in the upper sediment layers of N+ n~icrocosn~s due to bioturbation by N. diverslcolor (Fig. 3) .
Among uncertainties in the determination of sulfate reduction in these bioturbated sediments are underestimation~ due to reoxidation and comparisons of SRR determined at the end of the experiment with total benthic metabolism estimated over a longer time period (19 d). Measurements of SRR using long radiotracer incubations ( > l 0 to 30 min) in oxidized sediment layers may lead to an underestimate of the true rates due to reoxidation of reduced 35S to 35S0,2-(Moeslund et al. 1994 , Fossing 1995 . The extent of such a reoxidation was probably limited, however, in the control and N+ sediments as dissolved sulfides were present in the porewaters. Sulfate reduction may also be underestimated in bioturbated sediments due to oxidation of deeper layers. Reoxidation of reduced sulfides was evident in the N-and both A treatments as TRS pools decreased during the experiment and DS levels were very low. Nielsen (1997) documented significant reoxidation of 35S in sediments biolurbated by Arenicola marina. Underestimations of SRR due to reoxidation of up to 4-to 8-fold have been suggested in some cases (Moeslund et al. 1994, Nielsen l9Y7) . If there were similar high levels of reoxidation in the A microcosms, then anaerobic metabolism was significantly more important in sediments inhabited by A. marina than we estimated here.
The effect of Nereis diversicolor was to displace sulfate reduction into deeper sediment layers. While there was the potential that SRR was underestimated in the upper layers of N microcosms where N. diversicolor is most active, the estimates of SRR at depth in N microcosms are likely to be accurate. The importance of reoxidation of sulfides during radiotracer experiments must be addressed in future studies if we are to fully understand the effects of macrofauna on anaerobic decomposition in benthic environments.
The second potential uncertainty with our assessment of the importance of anaerobic metabolism was that overall benthic metabolism at the end of the experiment may have been lower than earlier in the experiment. As such, a comparison of total benthic metabolism (averaged over 20 d) to SRR measured at the end of the experiment may have been biased in favor of aerobic metabolism. SRR estimated from Sod2-depletion suggest that SRR had slowed down. Both of these problems may have led to an underestimate of the importance of anaerobic metabolism in some treatments, but the general tendencies and effects of these macrofauna species on anaerobic metabolism are still clear.
Macrofaunal effects on anaerobic decomposition processes have only been addressed by few. Hines & Jones (1985) and Aller & Yingst (1980) suggested that macrofauna bioturbation stimulates SRR by mixing labile organic matter into anaerobic zones. Furthermore, Aller (1978) and Yingst (1985) concluded that macrofauna indirectly stimulate anaerobic decomposition by removing metabolites, or by supplying electron acceptors or microbial substrates. Our results suggest the opposite effect for the 2 species examined, i.e. that they inhibit anaerobic decomposition while simultaneously stimulating aerobic decomposition. The only evidence of a possible indirect stimulation of anaerobic decomposition was in the N+ treatment, where SRR rates were low in the upper sediment layer, but were high at depth. Nereis diversicolor apparently stimulated sulfate reduction by ensuring an adequate supply of SO,'-to the deeper sediment layers.
It is clear that the 2 macrofauna species studied here affect the balance between aerobic and anaerobic microbial metabolisms to the benefit of the former. Our results indicate that Arenicola marina is more effective than Nereis diversicolor in stimulating aerobic microbial metabolism at the expense of anaerobic metabolism. We attribute these effects to the oxidizing effects of these macrofauna due to their irrigation. Recent work by Nislsen. (1997) supports our obseivcition !ha! sulfate reduction is reduced in sediments immediately surrounding A. marina burrows (within ca 5 mm). On the other hand, he observed stimulation of SRR in the sediment layers further away (5 to 20 mm) from the burrows. Similar stimulation of SRR associated with burrows of Mya arenaria was documented by Hansen et al. (1996) . Both of these studies demonstrate that the net effect of macrofauna on anaerobic decomposition is a balance of several effects which may counteract each other.
The overall effects of macrofauna on anaerobic processes are dependent on the species (with its particular mode of living) and the environment considered (e.g. levels of organic matter or overall rates of metabolism). The 2 species we studied here are both common and represent 2 typical modes of living for infauna, i.e. head-down deposit-feeding and deep irrigation in the case of Arenicola marina and surface deposit-feeding and burrow ventilation in the case of Nereis diversicolor. Our findings can therefore be generalized to infauna with similar modes of living. The effects of macrofauna with other modes of life on anaerobic decomposition need to be investigated separately, however. Furthermore, we should investigate how communities (assemblages of species) of macrofauna interact to affect anaerobic processes.
The overall balance of aerobic versus anaerobic metabolism depends on the depth of the metabolically active sediment column. If amount and degradability of organic matter had decreased with depth in our microcosms a.s is more often the case in nature, then anaerobic decomposition would play a smaller role in total organic matter decomposition. In such a case, any reduction in the importance of anaerobic decomposition due to macrofauna would be less significant. If, on the other hand, there is a large pool of refractory organic matter in the deeper anaerobic layers, then an injection of O2 into these layers by bioturbation will enhance decomposition processes (Kristensen et al. 1995) . Similarly, transport of more labile organic matter to the deeper sediment layers due to bioturbation (Hines & Jones 1985) would increase the importance of anaerobic decomposition.
Community respiratory quotients
Benthic community respiratory quotients (RQs), calculated as the ratio of total CO2 production to total O2 demand, were slightly greater than the expected value of 1 in all microcosms (Table 4) , indicating the presence of anaerobic decomposition processes, where CO2 is released without consuming 02, and the storage of reduced products such as sulfides within the sediments (e.g. Hargrave & Phillips 1981 , Andersen & Hargrave 1984 . Such imbalance between benthic CO2 production and O2 consumption is usually temporary (i.e. seasonal) because most of the reduced products are reoxidized at some point in time consuming 02, either directly or indirectly (Canfield et al. 1993) . We expected to find RQs close to 1 because we included changes in sediment and porewater pools of reduced S compounds in our calculations. It is possible that storage of other reduced compounds such as reduced Fe or Mn could account for the slightly elevated RQs. The sandy organic-poor sediments used in this study were likely to be poor in Fe and Mn, however, and thus the role of metal cycling is expected to be minor. Also, RQs for the macrofauna themselves were calculated to be greater than 1, but macrofauna respiration contributed only a fraction (7 to 15 %) of the total community respiration.
The community RQ can also vary depending on the degree of oxidation of NH,' released during decomposition or the composition of the organic matter being degraded. The expected RQ would be 0.77 if all NH,+ produced was oxidized to NO3-using O2 in contrast to 1 if all remineralized N remained as NH,+ (Froelich et al. 1979) . Also, Anderson et al. (1986) calculated expected RQs ranging between 0.6 and 1.1 based on varying the C/N ratio of organic matter being decomposed (from 6.6 to l?). The organic matter decomposed in our microcosms would be required to have an extremely low C/N ratio (2 to 3) to yield the high RQs we observed. Consequently, there must have been significant storage of reduced compounds other than TRS and DS or there was significant dissolution of carbonate that added to TC02 production (Anderson et al. 1986 ) to yield the high RQs we observed. Carbonate dissolution due to sulfide oxidation, as was seen in the N-and A microcosms, would increase the measured RQ (Green & Aller 1998) . It is most likely, however, that the true explanation is a combination of the above mechanisms. Note, RQs calculated from benthic fluxes alone (Table 1) gave similar values greater than 1 (1.14 to 1.44).
Reduced sulfur pools and reoxidation-effects of macrofauna
The increase in TRS pools and the presence of DS in the sediment of the C and N+ microcosms are similar to findings in coastal sediments with limited bioturbation and high organic content (Thode-Andersen & Jargensen 1989, Moeslund et al. 1994) . The increase in TRS and DS corresponded to 88 and 4 1 % of the sulfide produced during the course of the experiment in Cand C+ microcosms, respectively, indicating high rates of sulfide burial. In N+ microcosms sulfide burial was 20 %, which is more typical of that found in coastal sedi m e n t~ (Thode-Andersen & Jorgensen 1989 , Jerrgensen et al. 1990 , Moeslund et al. 1994 .
The reduced TRS pools and low DS levels in the other treatments (N-, A-and A+) indicated that there was a net reoxidation of buried reduced S pools. Others (Hansen et al. 1996 , Nielsen 1997 have measured similar net reoxidation of TRS pools in highly bioturbated sediments. Reoxidation was most intense in the A microcosms, where Arenicola manna affected the reduced S pools throughout the entire sediment column. A significant reoxidation of TRS at depth in sediments containing A, marina was also observed by Nielsen (1997) , confirming the effect of this deep bioturbator on the sediment S cycle. Nereis diversicolor had more limited effects, reoxidizing reduced S species in the upper sediment layers as long as production rates were moderate. The deeper sediments in N microcosms were reduced, however, and dominated by anaerobic decomposition.
Biogeochemical roles of Arenicola marina and
Nereis diversicolor A summary of the effects of these 2 macrofauna species on sediment processes and biogeochemistry is presented in Table 7 . Both macrofauna species enhance benthic fluxes of solutes between sediments and the overlying water. This is due to enhanced flushing of porewater solutes by both species and stimulation of total benthic metabolism, especially by Arenicola marina. Total benthic metabolism is increased, although only slightly in the case of Nereis diversicolor, by the direct contribution of the macrofauna themselves as well as by an enhancement of microbial metabolism. Both species inhibit anaerobic metabolism and alter sediment S cycles, though to different degrees.
Based on our results, sediments inhabited by Arenicola marina have low levels of metabolites and are highly flushed and oxidized despite high rates of benthic metabolism (both microbial and macrofaunal). Much of the sediment metabolism will be aerobic. In contrast, sediments inhabited by Nereis diversicolor will have variable, possibly high, concentrations of metabolites, especially at depth. Both aerobic and anaerobic metabolism will 1.ikely occur in sediments inhabited by N. diversicolor, although the balance between the 2 may differ between environments. In the case of N. d~versicolor, the biogeochemical nature of the sediment depends on the balance of metabolite production rates (i.e. organic matter decomposition), removal and oxidation due to N. diversicolorbioturbation.
Cohesive sediments without significant macrofauna undoubtedly have high concentrations of metabolites. This is still the case even with low rates of metabolism, such as in the C-microcosms, because the removal of metabolites from sediments by diffusion alone is a slow process (e.g Berner 1980) . Furthermore, anaerobic decomposition most likely dominates in such sediments. Macrofauna are thus very important for affecting the biogeochemical conditions of the environments in which they live. We still need to improve our understanding of the effects of macrofauna on sediment microbial activity, however. In pa.rticular, more work is needed on the role of macrofauna in controlling the relative importance of aerobic and anaerobic metabolic processes in benthic environments.
